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This dissertation can be divided into three parts: (1) the study of delithiation process of 
Li-Mg alloy as anode for Li-ion batteries by both experiments and theoretical modeling, 
(2) the investigation of the feasibility to study Li spatial distribution after different rates of 
charge/discharge, and (3) the preparation and electrochemical testing of Si powder anodes 
for high capacity Li-ion batteries. 
In the first part of this work, Li-Mg alloys with two nominal compositions, Mg-50 wt.% 
Li and Mg-70 wt.% Li were synthesized by direct alloying. These obtained alloys are rolled, 
annealed and punched into electrodes for electrochemical delithiation. Neutron 
tomography is used to determine the concentration profiles inside the alloys with different 
extents of Li depletion. An analytical model to quantify such diffusion-controlled 
delithiation, accompanied with β→α phase transition, α+β phase boundary movement and 
volume change, has been developed. The analytical scheme successfully predicted the Li 
concentration profiles which agreed well with the neutron tomographic data.  
In the second part, neutron tomography is again used to investigate the Li spatial 
response under different charge/discharge rates inside the V2O5 cathode. The Li 
concentration trends observed are in agreement with the established diffusion theory. The 
capability of using neutron tomography to spatially investigate the Li behavior under 





In the third part, nanosized Si powder electrodes prepared by simple slurry-casting 
method are obtained and characterized. Si electrodes with mass loading of 0.76 g/cm2 
showed high initial capacity ~2500 mAh/g and reversible lithiation/delithiation capacities 
greater than 1300 mAh/g even after 40 cycles, which is higher than the reported values in 
the literature for Si anodes with similar structure. The preparation approach used here is 
more economical compared to other nanofabrication methods. Additionally, an in-situ 
electrochemical cell has been designed and fabricated for neutron diffraction study of Si 
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The quest for the ideal energy storage devices has intensified due to the increasing 
demand and the rapid development in portable electronics, electric vehicles and aerospace 
applications. In order to meet the needs in these applications, energy storage devices with 
higher operational potential, higher gravimetric and/or volumetric capacity, better 
cyclability and fewer safety issues are highly desired. Li-ion battery technology, which was 
first successfully marketed by Sony Corporation in 1991 [1, 2], is one of the most 
promising candidates in this field. It has drawn a lot of attention during these decades 
because of its high gravimetric and volumetric capacities compared to Ni-Cd and Ni-MH 
batteries [3], and the most negative potential of Li/Li+ redox reaction (-3.04V vs. normal 
hydrogen electrode) among all possible anode materials [4]. 
For a secondary Li-ion battery, the choice of the material for either anode or cathode 
affects the overall electrochemical performance such as reversible capacity, cell potential, 
cycle life, charge/discharge rates, etc. This is mostly because of the different 
intercalation/storage mechanisms involved for certain materials and the difference in both 
thermodynamic and kinetic properties. Currently, the most widely used cathode material is 
LiCoO2. Such transition metal-oxide electrodes have layered rocksalt structure and allow 
two-dimensional Li-ion motions in the octahedral sites of the oxides [5]. For the anode, 
graphite is commonly used because of the electrochemical reversibility of 
lithiation/delithiation process and the kinetic advantage offered by the layered structure [6]. 
This combination can provide very good electrochemical performance as an energy storage 
device in most cases. However, the reversible capacity is limited to ~140 mAh/g when the 





 Alloy Anode for Li-ion Battery 
It is well known that pure metallic lithium is considered as a very promising anode 
material because of light weight, high theoretical specific capacity and the most negative 
electrode potential. But the safety issue caused by dendrite formation during 
charge/discharge greatly limits its application. 
Recently, Li based alloy anodes have drawn a lot of attention in the field of Li-ion 
batteries because of the much higher theoretical capacity than traditional materials. Several 
metals are reported that can form intermetallic compounds or amorphous phases with Li, 
and they can be considered as possible anode materials. Metals such as Si, Sb, Sn, Al and 
Mg are some of the promising candidates because of abundance and low cost [8]. 
Li-Si anode has the highest theoretical capacity (4200 mAh/g when lithiated to Li4.4Si) 
among these metals, but the cycling performance is poor due to volume expansion (Li4.4Si: 
323%) caused by Li insertion [9]. This volume expansion can lead to capacity loss and cell 
failure by the cracking of active material, new solid electrolyte interface (SEI) formation 
and delamination from the current collector. To alleviate such large volume change, 
various anode architectures, including thin film, amorphous/crystalline powders, nanorods 
and nanowires have been intensively evaluated in attempts to achieve better 
electrochemical performance. 
Although considerable research has been performed to improve Si anode by 
nanostructuring, the preparation approaches are relatively expensive and cannot be 
extended to large scale production. Also, a clear understanding of the phase transitions 
associated with distinct electrochemical signatures in Si has not been obtained. Specifically, 




nanoscale regime is related to the peculiar structural changes and the proportion of 
crystalline/amorphous phases upon lithiation. An irreversible crystalline Si to amorphous 
phase transition is suspected to occur during the first lithiation cycle. It has been found that 
the crystalline Si gets amorphized along with Li insertion, and the resulting amorphous 
phase fails to be converted back to crystalline Si by the following delithiation [10]. 
However, it is unclear how such phase transition occurs and how Li diffuses and 
intercalates during the amorphization process. 
Another promising alloy electrode is Li-Mg alloy. Although there is some volume 
change (~85% [11]), it is not as large as that in the lithiation of Si or Sn. The theoretical 
capacity is still high enough (3350 mAh/g for Li3Mg) to meet various industrial demands 
while comparing with the most commonly used graphite electrode (375 mAh/g) [8]. Thus 
a high capacity cell is very likely to be designed and fabricated with the Li-Mg alloy as 
anode material. The high capacity of Li-Mg alloy is benefited from the large solid solution 
range of Li in Mg from 11 to 100 wt.% (30-100 at.%). This also enables such an alloy to 
cycle over a wide range of composition (about 70 at.% change in Li content) with no phase 
transformation [12]. Also the good ductility of Li-Mg alloy will prevent it from cracking 
during moderate volume expansion. However, because of the high reactivity of both Li and 
Mg, a homogeneous Li-Mg alloy is difficult to make, and the mechanisms of 
lithiation/delithiation of the Li-Mg solid-solution have not been intensively investigated 
before in the context of Li-ion batteries. 
 Research Objectivities 
(1) To synthesize Li-Mg binary alloys with specific compositions, and to prepare 




different levels of delithiation will be achieved. Experimental Li concentration profile 
within bulk Li-Mg will be then obtained using computed neutron tomography at CG-1D, 
Oak Ridge National Laboratory. 
(2) To develop a mathematical modeling framework to predict Li concentration profile 
in the bulk of Li-Mg alloy electrode and to evaluate the nature of phase transition and 
electrode thickness reduction. The objective is to see if the state of the electrode, after a 
certain amount of delithiation can be mathematically predicted, using analytical modeling 
of Li diffusion. 
(3) To investigate the feasibility of studying the Li spatial distribution under different 
charge/discharge rates by neutron computed tomography. 
(4) To prepare Si nanopowder by ball milling, and to fabricate Si anode with different 
particle sizes and different mass loadings on an electrochemically modified current 
collector. Electrochemical performance, upon lithiation and delithiation, to be assessed. 
(5) To design an in situ electrochemical cell for neutron diffraction study of phase 
transitions of Si anode upon Li insertion/extraction. This enables future detailed study of 
the unclear local ordering crystalline/amorphous phase transition using various neutron 
diffraction techniques.  
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 Working Principle of Lithium-ion Batteries 
A typical Li-ion battery is composed of separator to prevent short circuiting, cathode, 
anode and ion conducting electrolyte. Figure 2.1 is a schematic drawing to show the 
working principle of a Li-ion cell with two most commonly used electrode, a graphite 
anode and a LiCoO2 cathode. It is important to note that, by definition, the negative 
electrode (graphite) becomes the anode during discharge and cathode during charge. 
However, by convention, the negative electrode is usually referred to as the anode for 
convenience. 
 
Figure 2.1 Schematic of the principle of LIB. Reprinted with permission from Y. Nishi, 
The development of lithium ion secondary batteries, The Chemical Record, 1 (2001) 406-




In Figure 2.1, during the charge cycle of the cell, Li+ dissociates from LiCoO2 and 
Li0.5CoO2 is left at the cathode. Li
+ transports through the ion conducting electrolyte to the 
anode and intercalates with graphite to form LiC6 compound. These two reactions are 
reversible during the followed discharge cycle. This drawing in Figure 2.1 also 
demonstrates how the Li+ transports from the layer-structured graphene of graphite anode 
to the layered LiCoO2 cathode via the Li
+ ion-conducting electrolyte during discharge, and, 
in the opposite direction during charge [1]. It can be noted that how fast the Li+ inserted 
and extracted reversibly determines the charge/discharge rates of the whole cell. 
 Anodes in Li-ion Batteries 
 Metallic Li Anodes 
Metallic Li anode is a very promising anode material because of its high theoretical 
specific capacity (3862 mAh/g), the lightest weight of a metal and the most negative 
electrode potential (-3.04V vs. NHE) [2, 3]. However the dendritic formation of Li (see 
Figure 2.2) during the Li plating leads to some major safety issues [4, 5]. Most commercial 
applications require relatively high current rates, which will increase the possibility of the 
growth of Li dendrite. As these dendrites accumulate, the separator sandwiched between 
anode and cathode could be penetrated. This will lead to the short circuiting of the cell and 
a consequent explosion hazard [6]. In practical applications, fires due to the overcharging 
of Li-ion batteries have been reported [7, 8]. 
In addition to the above concerns, Li tends to react with electrolyte due to its high 
reactivity. For instance, for an electrolyte consisting of LiPF6 salt in a solution of ethylene 
carbonate and dimethyl carbonate, the compounds formed include LiCH2CH2OCO2Li, 





Figure 2.2 Dendrite formation at the Li surface during cycling. Reprinted with permission 
from J.M. Tarascon and M. Armand, Issues and challenges facing rechargeable lithium 
batteries, Nature 414(6861), 359, 2001 [5]. Copyright 2001 Macmillan Publishers Ltd. 
form a solid electrolyte interface (SEI) layer. This can further impede the charge transfer 
and create a barrier for the following lithiation and delithiation processes [4, 9, 10]. Due to 
the reasons mentioned above, Li based alloys, on the other hand, are considered to be better 
alternatives. 
 Li-Mg Alloy Anodes 
Li can form an intermetallic compound with most other metals, but the high degree of 
ionic bonding makes the compounds brittle [11, 12]. However, Li-Mg binary alloy is a 
stable solid solution with good ductility. Also, the reduced reactivity and large solid 
solution range at room temperature make the Li-rich Li-Mg alloy electrode a promising 




In the Li-Mg system, the comparable radii of Li and Mg lead to the extended solubility 
at room temperature. The metallurgical phase diagram of the Li-Mg system is shown in 
Figure 2.3. It can be seen from the phase diagram that the Li-rich BCC β-phase is stable 
within the Li composition range between 11.5 wt.% to 100 wt.%. The Li-lean HCP α-phase 
is stable in the range from 0 wt.% to 5 wt.%. The volume change for insertion of 1 mole of 
Mg is estimated to be ~80% [14]. This is much less than the corresponding volume changes 
of Li-Sn (358%) and Li-Si alloy (323%) [15, 16]. 
 
Figure 2.3 Li-Mg metallurgical phase diagram. Reprinted with permission from A.A. 
Nayeb-Hashemi, J.B. Clark, A.D. Pelton, The Li-Mg (Lithium-Magnesium) system, 





The possibility of electrochemical Li-Mg alloy synthesis has been reported by Dey [18] 
and Nicholson [19]. The equilibrium alloying potential for the reactions of 
 Li M Li Mxx    (2.1) 






   (2.2) 
where ΔGf is the free energy change of formation of LixM, n is the number of electron 
transferred and F is the Faraday’s constant.  
The alloying of Li in Mg occurs at 0.03-0.05 V and dealloying occurs at 0.2-0.4 V with 
respect to Li+/Li [18, 20]. Thus the cell potential offered by using Li-Mg alloy is 
comparable to what metallic Li offers.  
The diffusivity of Li+ ion in β-phase Li-Mg, prepared by vapor deposition, has been 
determined with the Cottrell equation 
 * Li
Li Li( ) ( )
D





where z is the charge number (1 for Li), F is the Faraday’s constant, S is the surface area 
of the alloy electrode, DLi is the diffusion coefficient of Li in the electrode, CLi is the lithium 
concentration at the surface of the Li-Mg alloy electrode, and the C*Li is the initial uniform 
lithium concentration in the alloy. 
The diffusion coefficient was determined to be ~10-8 cm2/s by extrapolating the slope 
of I versus t-1/2 plot as shown in Figure 2.4 [20, 21]. It is also reported that the diffusivity 





Figure 2.4 Chronoamperometry of Li6Mg4 alloy. (a) A typical chronoamperogram of an 
alloy electrode in 1 M LiN(CF3SO2)2–EC/DMC (1:2 by vol.). The potential was stepped 
from OCV=0.026 to 0.65 V (vs. Li+/Li), and kept at 0.65 V for 20 s; (b) Cottrell relationship, 
I~t−1/2, based on the data shown in (a). Reprinted with permission from Z. Shi, Journal of 
Power Sources, 92 (2001) 70-80 [20], Copyright 2001, Elsevier. 
For Li-Mg alloy, some degree of reversibility, which is highly encouraging, has been 
demonstrated in the recent work by Jagannathan et al. [14]. In their work, gradual β→α 
phase transition at the surface of Li-Mg electrodes, during delithiation, was observed using 
X-ray diffraction. This result shown in Figure 2.5 suggests that, during continuous Li 
depletion, the BCC β-phase gradually transforms into HCP α-phase at the surface of the 
electrode. This may hinder the further transport of from the bulk to the electrode/electrolyte 





Figure 2.5 Diffraction patterns of Li-Mg alloy upon delithiation. (a) X-ray diffraction data 
for Li8Mg alloy anodes with different states of discharge and magnified view of (b) β-phase 
(110) and α-phase (101) diffraction peaks, and (c) shifting of the (200) β-phase peak 
position. Reprinted with permission from Journal of the Electrochemical Society, 160 




 However, due to the limited penetration depth of X-ray, the phase transition in the bulk 
electrode cannot be completely determined. It is of interest to see if the lithium distribution 
can be imaged, to determine how Li is spatially distributed at a given state of delithiation. 
Also, an analytical model to quantify the diffusion-controlled delithiation of Li-Mg alloy 
electrode, accompanied with phase transition and boundary movement, is needed for future 
battery design. 
 Li-Si Alloy Anodes 
With a potential to offer the highest theoretical Li-storage capacity (4200 mAh/g), Si 
is another promising material for anodes in Li-ion batteries, but the ~300% volume change 
makes it really difficult to avoid cracking and delamination. Cyclic life is degraded by 
irreversible capacity loss and internal resistance increase [23-26].  
A lot of effort has been made to accommodate such high volume change; nanosizing is 
one of the most effective ways. Arrays of wires in nanoscale dimensions can allow quick 
relaxation of stress, therefore the cracking of Si in bulk material can be avoided with 
nanostructured Si. Such anode can achieve ~3000 mAh/g after ~100 cycles at a relatively 
moderate cycling rate [26, 27]. Also, amorphous silicon has been found to have better 
performance than crystalline Si by avoiding the anisotropic volume expansion[28-33]. 
Amorphous thin film with thickness of 50 nm exhibits excellent reversibility and high 
capacity (200 cycles, ~3500 mAh/g) [34]. 
Although the high capacity and the good reversibility are obtained by various 
nanostructuring techniques, it is very difficult to extend such performance to larger scale. 
Therefore, a lot of research has been focused on powder or composite electrode studies, 




Attempts have been made to maintain a two-phase microstructure of crystalline Si and 
amorphous a-LixSi during cycling (see Figure 2.6) to limit the volume expansion [40]. 
Based on the voltage plateaus of equilibrium titration in Li-Sn and Li-Si systems as shown 
in Figure 2.7, it is possible that this can be achieved by charging at a constant current to a 
fixed voltage (~170 mV) until the current decreases to a certain value (CCCV charging) 
[40] or constant capacity charge mode (CCC) [35, 41]. By avoiding further lithiation of 
crystalline Si core and controlling of the formation of final Li15Si4 crystalline phase, less 
volume expansion and good cycle life around 600-1200 mAh/g were realized. However, 
the high theoretical capacity of Si is not fully utilized. 
 
Figure 2.6 An illustration of how a single silicon particle changes its microstructure during 
cycling. Reprinted with permission from Journal of The Electrochemical Society, 154 





Figure 2.7 Voltage plateaus during equilibrium titration in Li-Sn and Li-Si systems [42]. 
Reprinted with permission from Journal of Power Sources, 81–82 (1999) 13-19, R. A. 
Huggins, Lithium alloy negative electrodes, Copyright 1999, Elsevier. 
To achieve and to maintain the high theoretical capacity of Si over many 
charge/discharge cycles is quite challenging. It is reported that the performance of LIB, 
including both capacity and cycle life, increases with a decrease in the size of particle [43]. 
A critical size for cracking, above which Si fragmentation was seen, has been determined 
to be ~150 nm in the first lithiation cycle with in situ TEM [44]. Core-shell structure of Si 
nanopowder with carbon coating on Si core particles is developed to maintain a continuous 
path for electrons, stable SEI layer and to buffer internal stress [41, 45-47]. Binders and 
current collectors also play a very important role in affecting the capacity fading and 
reversibility of Si powder electrode. It is reported that in a buffered solution (pH=3) an 
ester-like Si-CH3COO-R strong covalent bond will form. This results from the reaction of 




the Si particles [48-50]. Three-dimensional porous foam as current collector has been tried 
to provide continuous electron conducting path and to prevent cracking [51, 52]. Other 
modifications focusing on surface morphology of current collector have been done by the 
electrochemical method. By growing carbon or copper nanowires on the surface of the 
current collector, very good capacity (~2000 mAh/g) and cyclic life (>100 cycles) have 
been achieved [53, 54]. However, a low cost fabrication method has not yet developed for 
Si powder electrode with comparable performance.  
The phase transitions of Si particle anodes, upon lithiation, was studied by Dahn et al. 
using in situ XRD [55]. An irreversible crystalline to amorphous phase transition was 
observed. Crystalline Si was found to become amorphous even during the first-cycle 
reaction with Li [40]. However, a clear understanding of the phase transitions associated 
with distinct electrochemical signatures has not been achieved. The signatures in fact 
suggest the possibility of existence of important phase transitions that are critical for 
successful Si anode performance. Specifically, it is suspected that the increased 
performance, as the size decreases from micron to nanoscale regime, is related to the 
peculiar structural changes and the proportion of crystalline/amorphous phases upon 
lithiation. To support this, there is some initial NMR evidence that the lithiation of Si 
occurs through various stages of local Li-Si atomic ordering and/or the formation of 
crystalline phases [56]. It is not well understood (i) how phase locally evolves during initial 
couple cycles, (ii) how particle size affects Si transformation into crystalline/amorphous 
phases and/or leading to the creation of peculiar structures and (iii) why such phases in 





 Neutron Characterization Techniques 
Neutron was firstly discovered by Chadwick in 1932 [57]. And the diffraction 
technique of neutrons was firstly demonstrated by Halban and Preiswerk [58], and also by 
Mithchell and Powers [59] in 1936. Because of the wave-particle duality of neutrons, 
similar to X-rays, various neutron techniques have been developed and become more and 
more crucial in numerous research areas over the years. 
As we know, X-rays interact with the electrons. Therefore, the cross-sections of certain 
elements are highly dependent on the atomic number (Z). So, it is difficult to accurately 
determine the phase transitions which involve some light elements, such as Li and H in 
energy storage field (Li-ion batteries and fuel cells). However, the neutrons interact with 
nuclei instead of electrons; a comparison of scattering cross-section of neutron and X-ray 
is shown in Figure 2.8. In many studies, neutron techniques have shown their advantages, 
such as isotopic sensitivity, large penetration depth for elements with a high Z number, 
dramatically different coherent scattering cross-sections for light elements, sensitivity to 
bulk and buried structure, etc. [60-68]. 
 
Figure 2.8 Comparison of neutron and X-ray total cross-sections for different elements. 
The area of each circle represents the total cross-section in barns (10-24 cm2). Neutron data 
were taken from Neutron News, 3 (1992) 29-37 [64]. X-ray data were taken from NIST 




 Neutron Computed Tomography 
Computed tomography is a powerful technique greatly developed in recent years 
because of the dramatically increased computational power. As we know, Li is a very light 
element and has a very small X-ray scattering cross-section. However, the neutron cross-
section of Li is large. Also, due to the higher penetration depth of neutron compared with 
X-ray, it is possible to study the Li-containing electrodes such as Li-ion battery electrodes. 
Figure 2.9 shows a schematic drawing of the instrument setup at CG-1D, Oak Ridge 
National Laboratory. It illustrates that the moderated and collimated neutrons are used as 
incident beams to interact with the mounted sample. After absorbing and scattering 
neutrons, a gray-scale 2D projection based on neutron transmission intensity is recorded 
[70, 71]. After recording over a thousand projections while rotating the sample, computed 
neutron tomography can be obtained. 
 




In recent studies, neutron tomographic technique was successfully used to study 
qualitative Li spatial distribution in battery electrodes [72-76]. Figure 2.10 shows how the 
spatial distribution of Li in a carbon foam was mapped by Nanda et al. [72]. The imaging 
contrast comes from the differences in attenuation coefficient of the elements involved. 
The neutron attenuation can be described by Beer-Lambert law, I = I0 e
-μx, where I0 and I 
are the incident and transmitted intensity for a given neutron wavelength, respectively, and 
μ is the attenuation coefficient for a given wavelength, and x is the sample’s thickness.  
 
Figure 2.10 Normalized two-dimensional reconstructed slices of lithium peroxide-coated 
carbon foams: (A) 45 pores per inch (PPI) foam, (B) 100 PPI carbon foam, (C) 
reconstructed 3D tomography image of 45 PPI Li2O2-coated carbon foam, (D) 
reconstructed 3D tomography image of 100 PPI Li2O2-coated carbon foam. Reprinted with 
permission from The Journal of Physical Chemistry C, 116 (2012) 8401-8408 [72]. 




The attenuation coefficient μ can be further written as 
 tot A /N M    (2.4) 
where σtot is the total cross-section for neutrons, NA is Avogadro’s number, ρ is the 
material’s density and M is molecular weight [72, 77]. This can also be rewritten in another 
format as 
 tot AN c   (2.5) 
where c is the molar concentration.  
This greatly supported the feasibility of the quantitative mapping of Li bulk 
concentrations in Li containing electrodes. Furthermore, such quantitative information 
obtained is very useful for validating the analytical diffusion model developed for the bulk 
electrode. 
 Diffusion Modeling of Li-ion Batteries 
An analytical model is extremely helpful in the regime of Li-ion battery study. In 
particular, for Li alloy electrodes, because of the possible phase transitions and the volume 
change associated with delithiation/lithiation, it is important to develop an analytical model 
to better understand the electrochemical behavior during charge/discharge. It can provide 
valuable insights for future battery design. 
In the work by Doyle et al., a model to predict the cell voltages during galvanostatic 
charge/discharge of a Li-ion cell was first developed. The simulation data obtained by their 
model agreed with the experimental results [78]. In the later studies by Song et al. [79] and 




temperature changes during charge-discharge. In these models, the transport through 
electrolyte is addressed using the concentrated solution theory and the porous electrode 
theory. 
A Nernst-Planck approach [81, 82] was used to model the behavior of all solid-state 
thin film batteries comprised of Li metal anode and LiCoO2 cathode by considering the 
charge transfer kinetics at the electrode/electrolyte interface. The diffusion and migration 
of Li+ ions through the solid electrolyte have been successfully modeled by applying 
boundary conditions of constant flux on one side and zero flux on the other side to solve 
the diffusional mass transport within LiCoO2 thin film cathode. Another model for 
amorphous Si thin film was developed by Jagannathan et al. [83]. By solving Fick’s law 
with certain boundary conditions, concentration profiles were obtained and used to 
obtained the overpotentials at the electrode/electrolyte interface. The simulated potential 
curve agreed reasonably with the experimental data. However, both models were not able 
to consider the phase transitions, which lead to associated boundary movements and 
volume expansion. 
Without the consideration of phase transitions, phase boundary movement and volume 
change, the model of electrochemical process, regarding Li based alloy anode, cannot be 
valid. Thus, the objective of this research is to provide a comprehensive mathematical 
model that can more precisely describe the Li transport inside bulk electrode during 
charge/discharge. This model will be more direct, intuitive and can be adopted to simulate 
the delithiation/lithiation behavior of other alloy based electrodes.  
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3 THE NATURE OF ELECTROCHEMICAL DELITHIATION 
OF LI-MG ALLOY ELECTRODES: NEUTRON 
COMPUTED TOMOGRAPHY AND 








The evolution of small portable electronic devices and the development of rechargeable 
plug-in electric vehicles are pushing for Li-ion batteries with higher energy capacity and 
power density than what is available today. It is well known that lithium metal is a 
promising anode material because of its high theoretical specific capacity (3829 mAh g-1) 
and its large negative electrode potential (-3.04V vs. normal hydrogen electrode). But the 
high reactivity of Li and the possibility of ignition due to dendrite formation make any 
rechargeable cell with Li metal as anode an unlikely prospect. On the other hand, Li-rich 
Li-Mg alloy is an interesting alternate anode material [1]. Li-Mg alloy is advantageous 
because of the generally lower reactivity of Li (or relatively low Li activity), the large solid 
solution range, the mechanical integrity of Mg framework and a relatively large diffusion 
coefficient of Li (~10-7 cm2 s-1 for the Li-Mg alloy produced by vapor deposition) [2, 3]. 
The energy storage capacities of Li-Mg alloys are relatively high, and can be adjusted 
easily by varying the Li content. For example, the theoretical capacity is 2690 mAh g-1 for 
the Mg-70 wt.% Li alloy. However, the mechanism of electrochemical delithiation in Li-
Mg alloy electrodes has not been investigated before. In the first detailed work using this 
alloy, Jagannathan et al. [4] observed the gradual phase transitions at the surface of Li-Mg 
electrodes, during delithiation, using X-ray diffraction. However, the distribution of Li in 
the bulk of the electrode cannot be determined using X-rays due to limits to its depth of 
penetration and the limited sensitivity to light elements as Li. 
Recently, neutron computed tomography was successfully used to determine the spatial 
distribution of Li in bulk battery electrodes [5-8]. In neutron tomography, transmitted 




projection (or shadow) radiograph. The imaging contrast comes from the differences in 
attenuation coefficients of the elements involved in the sample. The interactions of 
neutrons and elements can be described by Beer-Lambert law, I = I0 exp(-Ʃμixi), where I0 
and I are the incident and the transmitted intensity, respectively, and μi is the total 
attenuation coefficient (including absorption and scattering) of element, i, and xi is the 
effective thickness of the element on the neutron path. The attenuation coefficient μi is 
given by μi = σtot,i NA ci, where σtot,i is the total neutron cross-section for the element, NA is 
Avogadro’s number, ci is the molar concentration [5]. 
Table 3.1 lists the thermal neutron scattering and absorption cross-sections from NIST 
(National Institute of Standard and Technology) [9] for the elements involved in this study. 
The neutron scattering cross-section is the sum of coherent and incoherent cross-sections. 
The sum of scattering and absorption cross-sections gives the total cross-section (σtot,i). 
From Table 3.1, it can be seen that the total cross-section of Mg (3.773 barns) is 
significantly less than that of natural Li (71.87 barns). This leads to the large difference in 
neutron attenuation coefficient of Li with respect to Mg and makes it possible to spatially 
map the distribution of Li in Li-Mg alloy electrode. 

















Li 0.454 0.92 1.37 70.5 71.87 
Mg 3.631 0.08 3.71 0.063 3.773 
Al 1.495 0.0082 1.503 0.231 1.734 




In this work, three-dimensional (3D) neutron computed tomography has been used to 
map Li distribution in delithiated Li-Mg electrodes. The Li concentration profiles at 
different levels of delithiation were extracted from the neutron imaging data. To achieve a 
quantitative understanding of the delithiation process in Li-Mg alloy, a diffusion-based 
analytical modeling methodology was developed. This was used to mathematically 
calculate Li concentration profiles at different levels of Li depletion. It is shown that the 
experimental Li concentration distributions across the electrode can be correlated with the 
calculations from diffusion modeling. The analysis and interpretation of mechanisms 
regarding mass transport, phase transition and boundary movement has provided an 
improved understanding of the mechanisms of delithiation in Li-Mg alloy electrodes. 
 Materials and Experimental Procedure 
 Li-Mg Alloy Preparation 
Li-Mg alloys were prepared by firstly melting Li rods (99.9%, ESPI metals, Ashland, 
OR) in a stainless steel crucible inside an argon filled glove box. Mg chips (99.98%, Sigma-
Aldrich) were gradually added to the melt. The weight of both Li rods and Mg chips was 
controlled to obtain the alloy with targeted compositions. Based on the targeted 
composition, the temperature was controlled according to the Li-Mg phase diagram [10] 
as shown in Figure 3.1. The melt was kept stirring throughout this process to obtain the 
compositional homogeneity.  
In this work, two alloys of compositions Mg-70 wt.% Li and Mg-50 wt.% Li were made. 
The compositional homogeneity of the cast Li-Mg alloy ingots was verified by ICP-AES 
analysis. The results, shown in Table 3.2, indicate that the alloys were homogenous within 





Figure 3.1 Equilibrium phase diagram for Mg-Li system [10]. 
Table 3.2 Compositions of the two Li-Mg alloys as determined by ICP-AES analysis 
ICP Sample 
Number 
Li wt.% from ICP for 
Mg-70 wt.% Li 
Li wt.% from ICP for 
Mg-50 wt.% Li 
1 69.37 52.30 
2 73.41 51.14 
3 70.35 51.27 
In order to prepare the Li-Mg alloy electrodes for electrochemical cycling, Li-Mg alloy 
strips, cut from the alloy ingots, were cold rolled into ~1.0 mm thick foils at room 
temperature. The foils were then annealed in Ar atmosphere for 24 hours at 140℃ to 
recrystallize the material and to eliminate the rolling texture. Li-Mg alloy disk electrodes 





 Preparation of Delithiated Samples 
The Li-Mg alloy electrodes used for neutron imaging experiments were prepared by 
delithiating them to known depths of Li depletion. Metallic Li foils (99.9%, Alfa Aesar) 
with 0.75 mm in thickness and 6.35 mm in diameter were first used as cathode to delithiate 
the Li-Mg alloy. After some trials, delithiation of Li-Mg alloy was successfully achieved, 
but the formation of Li dendrites caused shorting, which limited the delithiation capacity 
to 2~3 mAh. To alleviate this problem in preparing the heavily delithiated samples, porous 
MnO2 disks with 0.5 mm in thickness and 6.35 mm in diameter were used. Swagelok cells 
with Li-Mg alloy anode, the separator (Celgard 2400) and the cathode (MnO2 disk or Li 
foil) were assembled inside a glove box. The electrolyte containing 1M LiPF6 solution 
(MTI Corp. Richmond, CA) in 1:1:1 ratio of EC (ethylene carbonate): DMC (dimethyl 
carbonate): DEC (diethyl carbonate) was used. The delithiation was performed using either 
Keithley 2401 source-meter or Gamry Reference 3000 potentiostat with constant current 
density of 0.51 mA cm-2. 
By controlling the duration of delithiation process, Li-Mg electrodes with different 
depths of delithiation (around 10%, 20%, 30% and 40% Li depletion by at.%) were 
prepared. The delithiated samples were then assembled and sealed in an aluminum canister 
inside a glove box. In order to minimize the scattering interference from adjacent samples 
during neutron experiments, aluminum rings with 1 mm in thickness and 3.97 mm in outer 
diameter were placed between electrodes.  
 Neutron Computed Tomography (CT) and Data Visualization 
Neutron CT was performed at the CG-1D Neutron Imaging Facility at the High Flux 




schematic of the instrument setup at the beamline and Figure 3.2(b) shows the sample 
arrangement inside the aluminum sample holder. 
At the HFIR, neutrons are generated by fission reaction in the 85 MW reactor core. 
Thermal neutrons scatter from the beryllium reflector and reach a supercritical hydrogen 
moderator with a temperature of 17 K. This provides a source of cold neutrons with 
increased flux between 4 and 12 Å. The CG-1D imaging beamline sits at the end of the 
cold guide 1 neutron guide system and provides neutrons with wavelengths between 0.8 
and ~ 6 Å, with a peak around 2.6 Å, for measurement. 
 
Figure 3.2. Schematic drawings of (a) CG-1D neutron imaging set up and (b) cross-




After flying through a pinhole, neutrons are collimated using a series of beam scrapers. 
A 50 m 6LiF/ZnS scintillator converts the transmitted neutron into light that is recorded 
by a charge-coupled device (CCD) camera. A gray-scale 2D projection based on neutron 
transmission intensity is saved as raw data [11, 12]. For volume reconstruction, the sample 
is mounted on a rotation stage which rotates through 180° to collect over a thousand of 
radiographs. In this work, each projection was taken in rotation steps of ~0.1° with 60 s 
exposure time. Postprocessing of the raw data was completed using ImageJ [13] to correct 
for background noise. From the recorded projections data, the electrode volume was 
successfully reconstructed by filtered-back-projection (FBP) method using Octopus [14]. 
The 3D visualization of the image and data analysis was a done using ImageJ and VG 
Studio. VG Studio is a 3-dimensional visualization software developed by Volume 
Graphics GmbH, located in Heidelberg, Germany. 
 Results and Discussion 
 Delithiation Behavior of Li-Mg Electrodes 
Figure 3.3(a) and (b) show the capacity versus voltage profiles (vs. Li/Li+) during the 
delithiation of Li-Mg alloy using Li and MnO2 as cathode, respectively. Due to the large Li 
content of Li-Mg alloy (~22 mAh total for Mg-70 wt.% Li alloy sample weighing 0.008g), 
multiple delithiation steps (indicated as I, II and III in Figure 3.3) were needed to obtain 
heavily delithiated electrodes. After each delithiation stage, the delithiation was stopped 
and a new cathode was used for further delithiation. 
In the experiments, the measured open circuit voltage (OCV) of Mg-70 wt.% Li is 
~0.01 V against Li foil and it is -3.07 V against MnO2. Because two different cathodes 





Figure 3.3. Voltage vs. capacity curves during the delithiation of Li-Mg. (a) Delithiation 
curve of Mg-70 wt.% Li using Li foil, with ~18% Li depleted at the end of all stages. (b) 
Delithiation curve of Mg-70 wt.% Li using MnO2 disk, with ~41% Li depleted after two 
stages. 
has been approximately converted to Li/Li+ redox potentials based on their OCV values. 
The converted data are shown in Figure 3.3(b). In Figure 3.3(a), two voltage plateaus, ~1.2 
V and ~1.9 V, can be observed with Li as cathode. In Figure 3.3(b), two voltage plateaus, 
~1.4 V and ~2.35 V, can also be observed with MnO2 as cathode. The respective potential 
differences of 0.2 V and 0.45 V may be explained on the basis of different conductivities 




In this work, the maximum amount of Li extracted by a single Li foil (0.75 mm in 
thickness, 6.35 mm in diameter) is about 2~3 mAh. However, the maximum extraction 
capacity of MnO2 cathode (0.5 mm in thickness and 6.35 mm in diameter) can reach as 
high as 7~9 mAh. This difference is possibly due to the different storage mechanisms of 
Li, that is, deposition on Li versus intercalation in MnO2, respectively. While using MnO2 
to delithiate Li-Mg alloy, the depleted Li is stored by intercalation and the tendency of Li 
plating on the surface of MnO2 is much less than the one of metallic Li foil. Also, in porous 
MnO2, there is almost no diffusion limitation for Li to transport to the inner bulk. Therefore, 
its capacity for Li depletion from Li-Mg is higher than what Li foil could offer. 
The Li deposit on Li foil was further studied using SEM (Figure 3.4). In Figure 3.4(a), 
at the right-most, the region which was not faced by the alloy anode throughout the 
delithiation process is labeled as Li foil. And the regions labeled as I and II are the deposit 
of Li formed on the top of the metallic Li foil. There is an imaginary outline of the Li-Mg 
anode (dotted line on the right of Region I) to indicate where the Li-Mg alloy is supposed 
to be placed in the assembled cell. Two different morphologies of Li deposition were 
observed. In the circular area of Li-Mg anode, Li is deposited as layers of small islands due 
to the restricted interelectrode space (25 µm, the thickness of separator) between cathode 
and anode. But outside this region (area from edge to outward), large dendritic Li deposits 
were observed. This indicates that although the depleted Li can deposit within the electrode 
area, it also tended to deposit at the peripheral regions. The outer deposits formed as the 
dendritic/porous structure as shown in Figure 3.4(b) and (c). After a certain amount of Li 
depletion, this dendritic structure grew through the separator and caused electrical shorting. 





Figure 3.4. SEM photographs of Li deposit on Li cathode. (a) Overview of Li deposition 
on Li foil. (b) Magnified Li deposition where adjacent Li-Mg was placed. (c) Further 
magnified region from (b). (d) Magnified Li deposition where Li-Mg was placed. (e) 
Further magnified region from (d). 
 Correlation with X-ray Diffraction 
In the previous study of Jagannathan et al. [4], the voltage plateau of delithiation in Li-
Mg alloy was seen at about 2 V with MnO2 as cathode. Base on the measured OCV (3.25 
V) in their work, this voltage plateau can be converted to ~1.25 V vs. Li/Li+, which is 
consistent with the first voltage plateau (~1.2 V) observed in our study (Figure 3.3(a)). The 
potential difference of ~0.05 V may be explained by the increased resistance resulting from 
the larger thickness of Li-Mg sample, which is required for neutron imaging. However, 
unexpected second voltage plateaus (~1.9 V vs. Li/Li+ while using Li cathode and ~2.35 V 
vs. Li/Li+ while using MnO2 cathode) were observed, and existed through the delithiation 
in stage II in both Figure 3.3(a) and (b). To confirm the phases present at the active surface, 




delithiated to the extents (~1.5 mAh and ~4.5 mAh) marked by red crosses in Figure 3.5(a). 
The diffraction patterns are shown in Figure 3.5(b), and the enlarged views are shown in 
Figure 3.5(c) and (d). It can be seen that the α-phase has formed on the surfaces of both 
delithiated samples. It is important to note that the phase transition from β-phase to α-phase 
could occur even with a relatively low level of total Li depletion (~1.5 mAh). Also, it can 
be seen (Figure 3.5(c)) that the strength of the α peak increased with delithiation. This 
indicates that the Li depletion leads to the formation of α+β phase region at the active 
surface of the electrode. Because of the significantly lower RT diffusivity of Li in α phase 
[4], a larger electrochemical driving force will be needed. Therefore, an elevated plateau 
voltage, which is seen in Figure 3.3(a) and (b), can be explained. Additionally, the large 
sample thickness (which is required here for neutron imaging) could also provide a kinetic 
barrier for Li transport from the deeper region of the electrode. A higher potential may be 
needed in such a case. More studies will need to be performed to understand the effects of 
the kinetic barriers. 
With such a high electrochemical driving force (~1.9 V vs. Li/Li+) during the second 
voltage plateau (Figure 3.3(a)), Mg depletion might be suspected to occur, because the 
reported oxidation potential for Mg in Li-Mg alloy is around 1.35V vs. Li/Li+ [2]. To 
investigate this, the Li foil cathode, which was used for delithiation of ~15% Li, was 
examined. The composition of Li deposit including both the regions shown in Figure 3.4 
was analyzed by energy dispersive analysis of X-rays (EDAX). The analysis revealed the 
composition to be (in at.%): 40.44% C, 28.70% O, 25.56% F, 4.46% P and 0.84% Mg. The 
C, O, F and P most likely come from crystallized electrolyte (composed of LiPF6, EC, 





Figure 3.5. Cycling curves and the XRD results. (a) Voltage vs. capacity curves for the 
samples used for XRD. (b) X-ray diffraction data for Mg-70 wt.% Li samples. (c) and (d) 
The enlarged peaks from (b). 
and Mg content could not be directly determined, but the content of Mg can be indirectly 
estimated by the overall mass balance in the residual electrolyte. The atomic percentage of 
Mg is estimated to be 0.84% on the basis of the bulk composition of the crystallized 
electrolyte. This amount of Mg clearly came from Li-Mg alloy under the high 
electrochemical driving force. However, it is negligible compared to the volume of Li 
deposit. Based on this, it can be concluded that the delithiation of Li-Mg alloy largely 




 Neutron Imaging of Li Bulk Distribution 
After the 3D reconstruction of neutron imaging data, the cross-sectional views at the 
center of each Li-Mg electrode, on the basis of neutron attenuation coefficients, are shown 
in Figure 3.6 and Figure 3.7 for Mg-70 wt.% Li and Mg-50 wt.% Li alloys, respectively. 
In these figures the active side, where Li was depleted from, is on the right side of each 
electrode. The color scale bar on the left scales the attenuation values of the neutron beam. 
A higher attenuation intensity value represents a relatively higher Li concentration in that 
region. 
In Figure 3.6 and Figure 3.7, the fresh electrodes (far left) show relatively uniform Li 
concentrations across the thickness as expected. However, the edges of the samples show 
lower neutron attenuation, indicating a lower concentration of Li. In the electrode without 
depletion of Li, this edge effect is very symmetrical around the electrode as illustrated in 
Figure 3.6 and Figure 3.7. This is likely due to the undersampling of neutron signal 
recorded by CCD camera and some sample surface refraction [15]. This symmetrical effect 
disappears when Li has been depleted from the electrode (see Figure 3.6 and Figure 3.7). 
The asymmetry is observed on the Li depleted side (right side) and is more pronounced as 
a function of Li depletion, as expected. A noticeable decrease in attenuation from top and 
bottom toward the center of the cell may be due to beam hardening effect [16, 17] and the 
difficulty of neutrons transmitting through the thicker part of the cell. However, in this 
work, the depth of the region with the edge effect was determined from the imaging data 
of fresh Li-Mg sample. And this was used to locate the depth of edge effect on the 
delithiated side of the other samples. This location is used in Section 3.3.4.3 to highlight 





Figure 3.6. Cross-sectional views of reconstructed pseudo-color volume for Mg-70 wt.% 
Li alloys: (a) fresh electrode with no Li depletion, (b) with 17.78% Li depletion, (c) with 
32.3% Li depletion and (d) with 41% Li depletion. Colors are assigned according to 
different attenuation intensities. 
 
Figure 3.7. Cross-sectional views of reconstructed pseudo-color volume for Mg-50 wt.% 
Li alloys: (a) fresh electrode with no Li depletion, (b) with 9.72% Li depletion, (c) with 
39.37% Li depletion and (d) with 42.73% Li depletion. Colors are assigned according to 




In Figure 3.6(b-d) and Figure 3.7(b-d), the regions that are colored as diffused green, 
blue and light purple show the combined result of the edge effect and the variation of Li 
concentration in that region. At the centers of samples, the Li distribution, as determined 
by imaging, is uniform. From Figure 3.6 and Figure 3.7, the qualitative variation of Li 
concentration profiles created by the delithiation steps can be clearly observed across the 
thickness. The Li concentration is relatively constant at the center, and starts to decrease 
after a certain point while approaching the active side. As Li depletion proceeds, the 
regions close to the active side, colored as green, blue and light purple are getting relatively 
thicker. This indicates that the Li concentration decreases in the region close to the active 
surface during the delithiation process. 
In addition, thickness reduction along with Li depletion can be observed in both Figure 
3.6 and Figure 3.7. In this case, the pseudo-color plots as shown are meant to demonstrate 
the general composition trends. Therefore the amount of thickness reduction is not showing 
precisely in this cross-sectional view. During the delithiation process, the alloy is getting 
thinned because the molar volume of the alloy decreases with a decrease in Li composition 
of the alloy. After each experiment, thickness measurements were made on delithiated 
samples to verify the electrode thinning evident in the imaging data. The average thickness 
values are listed in Table 3.3 to give an idea of how the amount of Li depleted affects the 
thickness of the electrode. These measurements were then used to find a thickness function 
for the variation of electrode thickness as a function of the time of delithiation. Figure 3.8 
shows the thickness reduction data and the fitted lines. This thickness function will be used 
in the mathematical modeling of Li diffusion discussed in Section 3.3.4. A quantitative 




Table 3.3 Thickness of Mg-70 wt.% Li sample before and after delithiation 
Li depletion Starting thickness (mm) Final thickness (mm) 
~10% 1.04 0.92 
~20% 1.04 0.86 
~30% 1.04 0.83 
~40% 1.06 0.79 
 





 Kinetic Model of Delithiation Process in Solid Li-Mg Electrodes 
For Li-Mg alloy, the phase diagram (Figure 3.1) shows that at room temperature, a 
single phase BCC solid solution (β phase) exists over 11.5–100 wt.% Li in Li-Mg. At Li 
compositions <6 wt.%, HCP α phase is stable. Hence, when the Li gets depleted below 
11.5 wt.% at the active surface, the β→α phase transition will occur. Such gradual β to α 
phase transitions has been investigated by Jagannathan et al., using XRD, recently [4]. 
Based on these, a diffusion controlled delithiation model has been developed here. The 
schematic drawing of how Li concentration changes along with the delithiation process is 
shown in Figure 3.9. 
 
Figure 3.9. Schematic drawing of phase evolution and Li concentration profiles upon 
delithiation. (a) Li concentration profile (red dashed line) before Li surface concentration 
reaches Cβ/α+β. (b) Li concentration profile (red dash-dotted line and blue dotted line) after 
Li surface concentration drops below Cβ/α+β leading to the presence of two-phase 




In Figure 3.9, the background colors are used to distinguish the three regions: β-phase 
region, α+β two-phase region and porous α-phase region. The Li concentration for the 
initial state, or before delithiation, is C0, which is the alloy composition. The distance from 
the nonactive side is labeled as x, and it can vary from 0 to L(t) (the thickness of electrode 
as a function of time as determined from thickness function in Figure 3.8). Cα/α+β is the 
maximum possible concentration of Li in α-phase and Cβ/α+β is the minimum possible 
concentration of Li in β-phase. J is the Li flux driven by the constant current applied at the 
active surface.  
The nature of the phase transition and the boundary movement in Li-Mg alloy electrode 
can be described as follows. Before any Li depletion, only Li-rich β-phase will be present 
throughout the alloy electrode. After the Li depletion starts, the Li concentration at the 
surface continuously decreases with time. The dashed line in Figure 3.9(a) shows the 
schematic Li concentration profile within β-phase Cβ(x, t≤t0) after an arbitrary amount of 
Li depletion. With further delithiation, the Li concentration at the surface reaches the β→α 
phase transition point, Cβ/α+β, at time t0. When further delithiation brings the Li 
concentration of the active surface below Cβ/α+β, the Li-most-lean β-phase (11.5 wt.%) and 
the Li-most-rich α-phase (6 wt.%) will coexist in a two-phase region at the active surface. 
However, because of the narrowness of the composition range (6-11.5 wt.%) in this two-
phase region, and a relatively lower Li diffusivity in α-phase, the Li-most-lean β-phase will 
be consumed very quickly during delithiation and only α-phase will be left as a porous 
structure at the active side as shown in Figure 3.9(b). Thus the α+β two-phase region will 
be pushed away from the active surface rapidly and moves into the bulk during delithiation 




In the following modeling section, this α+β region is treated as a phase boundary layer 
with zero thickness to simplify the calculation procedure. This is not expected to affect the 
results because the two-phase region moves to the left and will disappear after complete 
delithiation. As delithiation proceeds, the time-dependent Li concentrations in β and α 
phases are expressed as Cβ(x, t1), where t1＝t-t0, and Cα(z, t1), respectively. Here the 
variable z is the distance within the α phase. As the delithiation proceeds, the α+β phase 
boundary will move toward the nonactive side and this is described by the time-dependent 
position of boundary, b(t1). Depending how fast the Li is depleted from the bulk of the 
electrode, the thickness of α-phase region, L(t)-b(t1), on the active side, will vary. It is to 
be noted that the thickness, L(t), is the function obtained from the curve fitting as shown in 
Figure 3.8. In the following discussion, L and b are used instead of L(t) and b(t1) to simplify 
the writing of equations. 
Based on the delithiation process described above, the transient Li concentration 
profiles as a function of delithiation time can be determined by solving Fick’s second law 
with appropriate initial and boundary conditions [18]. Because of the complexity of phase 
transition, the solution needs to be divided into two segments, that is, before and after the 
β→α phase transition. 
3.3.4.1 Li concentration profile before β→α phase transition 
The schematic of transient Li concentration profile within β-phase of Li-Mg, during an 
arbitrary delithiation step, is illustrated in Figure 3.9(a). At any time, the concentration 
















where x is the distance from nonactive side, Dβ is the diffusivity of Li in β-phase and Cβ(x, 
t≤t0) is the Li concentration in β-phase at x at time t (t≤t0). The boundary and initial 
conditions are: (i) zero Li flux at the nonactive electrode surface, (ii) steady-state Li flux 
at the electrolyte/electrode interface under current I, and (iii) initial Li concentration is C0 


























 0( , 0)C x t C    (3.4) 
where I is the current applied, F is Faraday’s constant, S is the active surface area, L is the 
thickness of the electrode and C0 is the initial concentration of this specific alloy. As we 
have discussed before (Section 3.3.3), the thickness of the electrode here decreases as a 
function of time due to Li depletion. Therefore, the time-dependent changes in electrode 
thickness, as shown in Figure 3.8, need to be included as well. 


























For problems with complex boundary conditions such as the present one, solutions can 
be obtained using the method of separation of variables [19]. The general solution can be 
written as 
 
2( , ) [ cos( ) sin( )]exp( )C x t A x B x D t       (3.7) 
where λ, A and B are to be determined using the conditions (3.4)-(3.6). 
First, using the boundary condition (3.6) in Equation (3.7): 
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Equation (3.8) is a flux boundary condition and can only be satisfied if Aλsin(λL)=0. 
In order to satisfy the boundary condition (3.6), an auxiliary function, u(x, t), needs to be 
introduced in Equation (3.7), as 
 
2( , ) [ cos( ) sin( )]exp( ) ( , )C x t A x B x D t u x t        (3.9) 
Then the modification of Equation (3.8), in light of Equation (3.9), is 
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Substituting Equation (3.11), (3.16), and B = 0 into Equation (3.9), the obtained 
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In the above equation, the values of the coefficients An (n = 0, 1, 2…) can be derived 
from the initial condition (3.4), through Fourier series expansion. The final solution for Li 
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Equation (3.18) describes the Li concentration profile within β phase when Li is 
depleted under constant flux at the active side of the electrode. 
3.3.4.2 Li concentration profile after β→α phase transition 
3.3.4.2.1 Concentration profile in β-phase 
The schematic of transient Li concentration profiles within the α and β phases, during 
an arbitrary delithiation step, during the later stages of delithiation, are illustrated in Figure 
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 0t t t    (3.20) 
where t0 is the time when the surface Li concentration reaches Cβ/α+β. The boundary and 
initial conditions are: (i) zero Li flux at the nonactive electrode surface, (ii) fixed Li 




(iii) initial Li concentration is Cβ(x, t=t0), which is determined by previous step (Eqn. 















 /( , )  C x b t C      (3.22) 
 0, 0) (( , )C x t C x t t      (3.23) 
Using the variable separation method, solution for this problem should be in the form 
of  
 
2( , ) [ sin( ) cos( )]exp( ) ( , )m m mC x t G x H x D t v x t           (3.24) 
where v(x, t1) is an auxiliary function introduced in advance. 
Using the boundary condition (3.21) in Eqn. (3.24) 
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Thus, the general solution, Equation (3.24) can be rewritten as 
 




Using the other boundary condition (3.22) in Equation (3.27) 
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and 
 1 / ( , )v x b t C    (3.30) 













Using the equations (3.26), (3.30) and (3.31), v(x, t1) can be determined as 
 1 /( , )v x t C   (3.32) 
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The values of the coefficients Hm (m = 0, 1, 2…) can be derived from the initial 
condition (3.23), through Fourier series expansion. The final solution for the concentration 
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Equation (3.34) describes the Li concentration profiles in the β phase layer after Li is 
depleted below Cβ/α+β at the active surface. Thus, the solution represents the Li 
concentration profile in the β phase during the β/α+β phase boundary movement toward 
the nonactive side. 
3.3.4.2.2 Concentration profile in α-phase 
At a much later stage of delithiation, the relative location of β/α+β and α/α+β phase 
boundaries are as illustrated in Figure 3.9(b). In the actual modeling, to simplify the 
calculations, these two-phase boundaries are treated as a single phase boundary, with 




concentration profile in the α-phase. Using the same approach, the governing equation from 
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 z x b   (3.41) 
where b is the thickness of β-phase and z is the thickness of α-phase. As discussed in 
Section 3.3.3, b is a function of t1. The boundary and initial conditions are: (i) constant Li 
concentration Cα/α+β at the α/α+β phase interface, (ii) fixed Li flux at the 
electrolyte/electrode interface under current I, and (iii) initial Li concentration Cα/α+β at t1=0. 
These conditions are specified by equations (3.42)-(3.44). 
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 /( , 0)C z t C       (3.44) 
Using the variable separation method, the Li concentration function should be in the 
form of  
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Using the boundary condition (3.42) in Equation (3.45), 
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The above equation is satisfied when P = 0 and 
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Using the other boundary condition (3.43) in Equation (3.45), 
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Thus, using the equations (3.47), (3.50) and (3.51), w(z, t1) can be determined as 
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The values of the coefficients Qj (j = 0, 1, 2…) can be derived from the initial condition 
(3.44), through Fourier series expansion. The final solution for the Li concentration profile 
in α-phase, thus obtained as 
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Equation (3.54) describes the Li concentration profiles in the α phase layer after Li is 
depleted below Cα/α+β at the active surface. 
Equation (3.34) and (3.54) give the Li concentration profiles in β and α phases, 
respectively. Thus, they provide the complete Li concentration profile across the electrode 
after β→α phase transition. 
3.3.4.2.3 Determination of phase boundary position 
As the delithiation proceeds, an infinitesimally thin α+β phase layer acts as phase 
boundary and moves toward the nonactive side of the electrode. The phase boundary 
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where Jβ/α+β is the flux that leaves β-phase and Jα/α+β is the flux that goes into α-phase and 
Δt is the time interval. In the calculations of concentration profiles, starting from the time 
(t0) when Li depleted below Cβ/α+β at the active surface, the boundary location b(t) is 
determined and updated after each time step. The instantaneous value of b(t) is used in 
Equation (3.34) and (3.54) to determine the concentration profiles in both β and α phase of 
any time during delithiation. 
Similarly, L, as a function of t (see Section 3.3.3), is determined and updated after each 
time step using the same approach in the calculation of Li concentration profiles.  
3.3.4.3 Simulation assessment 
Figure 3.10(a) shows the cross-sectional SEM photograph of one Mg-70 wt.% Li alloy 
with ~30% Li depletion. The depletion of Li under electrochemical driving force resulted 
the porous structure observed. The porous structure originates from the active surface of 
the electrode and partly through the thickness of the electrode. The formation of such a 




surface area which is in contact with electrolyte. This will significantly change the effective 
fraction of active surface area. It needs to be noted that the increased surface area should 
also be a function of time. However, approximation was made here to simplify the solution. 
In the concentration modeling part, which concerns mostly the heavily delithiated alloys 
(>15%), the surface region was assumed to be fully occupied by Li-most-lean α phase. 
Thus, the porosity at the active surface can be considered as constant approximately. 
Therefore, the effective flux density of Li depletion was modified accordingly. Figure 
3.10(b) shows an illustration of how the porous structure will modify the effective area of 
the active surface. The porous structure as shown on the right can significantly increase the 
effective surface area. Since a constant current is applied, the effective Li depletion flux 
density will be lower. After adjusting the effective surface area with the assumption of 50% 
porosity, simulated Li concentration profiles were obtained with parameters listed in Table 
3.4 for both Mg-70 wt.% Li and Mg-50 wt.% Li alloy electrodes. 
 
Figure 3.10. Porous structure formed upon delithiation. (a) SEM of a cross-sectioned Mg-
70 wt.% Li alloy electrode with 32.3% Li depletion, the interface of the porous region and 
the nonporous electrode bulk is highlighted by a dashed line. (b) Schematic drawing of 




Table 3.4 List of parameters and their value used in the modeling 
Parameters Value 
Dβ, Li diffusion coefficient in β-phase 6×10-11 cm2 s-1 
Dα, Li diffusion coefficient in α-phase 1×10-12 cm2 s-1 
C0(I), initial Li conc. in Mg-70 wt.% Li 0.0695 mol cm
-3 
C0(II), initial Li conc. in Mg-50 wt.% Li 0.0574 mol cm
-3 
Cβ/α+β, Li conc. at β/α+β interface in β phase 0.0234 mol cm-3 
Cα/α+β, Li conc. at β/α+β interface in α+β phase 0.01125 mol cm-3 
I, constant current applied 0.064 mA 
S, effective surface area 0.373 cm2 
The simulated Li concentration profiles and the experimental data from neutron 
tomography are shown in Figure 3.11 and Figure 3.12 for Mg-70 wt.% Li and Mg-50 wt.% 
Li alloys, respectively. The depth of edge effect in neutron imaging is estimated to be ~0.25 
mm from the experimental Li concentration profiles at the nonactive side of the electrodes. 
In order to better visualize and compare the simulated and the experimental data, the 
regions affected by the edge effect are colored as blue in Figure 3.11 and Figure 3.12. 
It can be seen that, for heavily delithiated samples (>15% Li depletion), the simulated 
Li concentration profiles agree very well with the imaging data as shown in Figure 3.11 
and Figure 3.12. The predicted location of delithiated/undelithiated boundary (dashed line, 
~325 μm away from the active surface) is in agreement with the observed boundary 





Figure 3.11. Simulation vs. experimental data for Mg-70 wt.% Li with, (a) 0% Li depletion, 
(b) 17.78% Li depletion, (c) 32.34% Li depletion and (d) 41% Li depletion (1.0 mm is the 
initial electrode/electrolyte interface where delithiation occurs). The regions that are 





Figure 3.12. Simulation vs. experimental data for Mg-50 wt.% Li with, (a) 0% Li depletion, 
(b) 9.22% Li depletion, (c) 39.37% Li depletion and (d) 42.73% Li depletion (1.0 mm is 
the initial electrode/electrolyte interface where delithiation occurs). The regions that are 




In order to justify the values of Li diffusivities that were used in the model, 
chronoamperometry was performed on a cell composed of Li-Mg alloy, separator and 
metallic Li foil by applying a constant voltage (0.65 V vs. Li/Li+). The current as a function 
of time was then recorded for further analysis. For simple redox reaction, such as Li/Li+ 
couple, under a constant electrochemical driving force (controlled voltage), the current 
measured depends on the rate at which the Li+ diffuses. Then the diffusivity of the 











where I is the measured current, q is the charge transfer number of the electroactive species 
(Li), F is the Faraday’s constant, S´ is the active surface area, C0 is the initial concentration 
of Li in the alloy, D is the diffusion coefficient of Li in the Li-Mg alloy and t is time. S´ 
here is the actual flat surface area with no modification for porosity because of the limited 
Li depletion during the short period of the measurement. 
It is important to note that the diffusivity obtained from the Cottrell equation is 
contributed by both the transport of Li+ in Li-Mg alloy and the transport of Li+ in the 
electrolyte. Since the diffusivity of Li+ in the liquid is normally several magnitudes higher 
than the one in the solid, the obtained diffusivity can be considered mainly contributed by 
the diffusion of Li+ in the alloy. Thus, from the slope of the I vs. t-1/2 plot (Figure 3.13), the 
diffusion coefficient of Li+ in β phase of solid Mg-70 wt.% Li alloy is estimated to be about 
2×10-10 cm2 s-1. This is very close to the Li diffusivity value used in the modeling, which 





Figure 3.13. Cottrell plot of the data obtained from chronoamperometric test for Mg-70 
wt.% Li alloy. 
 Summaries 
(1) Li-Mg alloy electrodes with two different compositions were successfully prepared 
in the laboratory. The delithiation process was successfully controlled to achieve electrodes 
with different depths of Li for neutron imaging. 
(2) Using computed neutron tomography, Li spatial distributions in the bulk Li-Mg 
alloy electrodes with different depths of delithiation were determined. The variations in Li 
concentration profiles along the direction of delithiation have been successfully captured. 
This technique has been proven to be a very powerful tool to noninvasively and 
quantitatively study bulk distribution of elements that are highly interactive with neutrons, 
such as Li in Li-ion batteries and H in fuel cells. 
(3) An analytical diffusion model for the delithiation of Li-Mg alloy, including the 




phase structure before and after phase transition using appropriate initial and boundary 
conditions as well as flux-controlled boundary movement. The simulated Li concentration 
profiles are consistent with the concentration profiles determined from imaging data. And 
the agreement is good within the region where edge effects are not present. 
(4) The Li diffusivity (6×10-11 cm2 s-1) that was used in modeling is very close to the 
value determined by an independent chronoamperometry experiment (~2×10-10 cm2 s-1).  
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4 STUDY OF THE LI SPATIAL DISTRIBUTION IN V2O5 
CATHODE UNDER DIFFERENT C-RATES BY 
COMPUTED NEUTRON TOMOGRAPHY 






The transition metal oxides are very widely used as cathode material for secondary 
lithium-ion batteries. Vanadium pentoxide (V2O5) is one of them that has been intensively 
studied in recent years. It is advantageous because of its stability, relative safety, low cost, 
ease of synthesis and high theoretical capacity (440 mAh g-1) compared with typical 
commercial cathode materials (273 mAh g-1 for LiCoO2) [1-5]. However, the intrinsic low-
diffusion coefficient of lithium ions (~10-12 cm2 s-1) [6] and poor electronic conductivity 
(10-2 to 10-3 S cm-1) [7] in crystalline vanadium oxide (V2O5) greatly limited the 
performance in some practical applications which require charge/discharge in short time. 
It is widely known that the high charge/discharge rate will lead to capacity fading of a 
battery [8]. However it is not quite clear how these Li ions will distribute spatially in a bulk 
cathode and lead to capacity loss. 
Computed tomography and various image process techniques are very powerful 
techniques to study the spatial features noninvasively. Because of the small scattering 
length of Li with X-rays, neutron tomography comes into our sight because of the high 
absorption cross-section for natural Li. Recently, neutron computed tomography was 
successfully used to map Li spatial distribution [9-12] in bulk battery electrodes. Gray scale 
radiographs called projections are captured and recorded by a scintillator based on the 
transmitted neutron counts. The gray scale value recorded can be described by Beer-
Lambert law, I = I0 exp(-Ʃμixi), where I0 and I are the incident and the transmitted intensity 
for a given neutron wavelength, respectively, and μi is the total attenuation coefficient 
(including absorption and scattering) of element, i, and xi is the effective thickness of the 




σtot,i is the total neutron cross-section for the element, NA is Avogadro’s number, ci is the 
molar concentration [9]. Thus, the difference in attenuation intensity can provide the 
information of how concentration varies for certain element involved. 
Table 4.1 lists the thermal neutron scattering and absorption cross-section data from 
NIST (National Institute of Standard and Technology) [13] for the elements involved in 
this study. The neutron scattering cross-section is the sum of coherent and incoherent cross-
section. The sum of scattering and absorption cross-sections contributes to the total cross-
section, σtot,i. From Table 4.1, it can be seen that the total cross-section of V (10.18 barns), 
O (4.23219 barns), Al (1.734 barns) and Ar (1.358 barns) are significantly less than that of 
natural Li (71.87 barns). This leads to the large difference in neutron attenuation coefficient 
of Li with respect to other elements and makes the spatial mapping of Li mapping feasible. 
In this work, three-dimensional (3D) neutron computed tomography has been used to 
map the Li distribution in bulk V2O5 after charge/discharge the commercially available 
cells, VL621, under different c-rates. For each cell, the plot of attenuation intensity along 
the thickness direction also has been obtained from the imaging data for further analysis. 

















Li 0.454 0.92 1.37 70.5 71.87 
V 0.0184 5.08 5.1 5.08 10.18 
O 4.232 0.0008 4.232 0.00019 4.23219 
Al 1.495 0.0082 1.503 0.231 1.734 




 Materials and Experimental Procedure 
 Sample Preparation 
In this work, VL621 coin cells purchased from Panasonic were used to study Li spatial 
response to different charge/discharge rates. The technical specifics of this type of coin 
cells are listed in Table 4.2. The huge difference between charge and discharge current 
(200 μA and 10 μA) needs to be noted. After receiving the coin cells, charging (delithiation 
of V2O5) was first performed on each cell to eliminate the self-discharge effect on Li spatial 
distribution during storage. In this charging process, 100 μA was chosen as current, and 
the cut-off voltage was set to 3.45 V. In the followed sample preparation, two c-rates, C/5 
(300 μA, which can fully discharge a cell in 5 hours) and C/10 (150 μA, which can fully 
discharge a cell in 10 hours) were used to obtain the samples listed in Table 4.3. The 
electrochemical cycling was performed using Keithley 2401 source-meter. 
Table 4.2 Specifics of VL621 coin cell 
Cathode V2O5 
Anode Li-Al alloy 
Capacity 1.5 mAh 
Discharge rate 10 μA 
Standard charge current 200 μA 
Size/dimension 6.8 mm (dia.) × 2.2 mm (thickness) 
Table 4.3 Cycling conditions for coin cell 
Sample number Discharge Charge 
C/10 C/10 − 
C/5 C/5 − 
C/10_C/10 C/10 C/10 




 Neutron Computed Tomography (CT) and Data Visualization 
Neutron CT was performed at the CG-1D Neutron Imaging Facility at the High Flux 
Isotope Reactor (HFIR), Oak Ridge National Laboratory, USA. Figure 4.1(a) is the 
schematic of the instrument setup at the beamline and Figure 4.1(b) shows how the samples 
were mounted on the stage for neutron characterization. 
Neutrons are generated by fission reaction in the 85 MW reactor core. Thermal 
neutrons scatter from the beryllium reflector and reach a supercritical hydrogen moderator 
with a temperature of 17 K. This provides a source of cold neutrons with increased flux 
between 4 and 12 Å. The CG-1D imaging beamline sits at the end of the cold guide 1 
neutron guide system and provides neutrons with wavelengths between 0.8 and ~ 6 Å, with 
a peak around 2.6 Å. 
After flying through a pinhole, neutrons are collimated using a series of beam scrapers. 
A 50 m 6LiF/ZnS scintillator converts the transmitted neutron into light that is recorded 
by a charge-coupled device (CCD) camera [14, 15]. A gray-scale 2D projection based on 
neutron transmission intensity is saved as raw data. For volume reconstruction, the sample 
is mounted on a rotation stage which rotates through 180° (an extra 3° angle coverage is 
normally needed for filtered-back projection reconstruction), collecting over a thousand 
radiographs. In this work, each projection was taken in rotation steps of 0.2° with 90 s 
exposure time. Postprocessing of the raw data was completed using ImageJ [16] to correct 
high/low gray scale pixels and background noise. From the recorded projections data, the 
electrode volume was successfully reconstructed by filtered-back-projection (FBP) method 






Figure 4.1. Schematic drawings of (a) neutron imaging set up at CG-1D and (b) how sample 
was mounted during characterization. 
 Results and Discussion 
The potential vs. capacity profiles during charging/discharging of coin cells under 
selected c-rates (C/5 and C/10) are shown in Figure 4.2. It can be seen that, in the discharge 
cycle, the same amount of Li has intercalated with V2O5 under both C/10 and C/5. In the 
following charge cycle, the higher c-rate results in about 0.2 mAh capacity loss. It can be 
explained that, under higher c-rate or higher current density, the higher extraction flux leads 
to the lower Li concentration at electrode surface, and thus the cell potential would decrease 
and reach cut-off voltage faster than the one with lower c-rate. 
In order to locate the V2O5 cathode inside each cell in the computed neutron 
tomography, a coin cell was disassembled and the dimensions of components were 
measured. A schematic drawing of the cross-sectional view of the coin cell is shown in 
Figure 4.3(a). The dimensions for each component are also marked in this graph. Further, 
the V2O5 region has been divided into three regions as shown in Figure 4.3(b) for 





Figure 4.2. Potential vs. capacity curves of the charge and discharge cycle at C/5 and C/10 
(the current for C/5 is 300 μA). 
 
Figure 4.3. Schematic drawings of VL621 cell. (a) Cell components and their dimensions 
in a cross-sectional view and (b) the location of three selected regions inside the V2O5 




Figure 4.4(a-d) shows the cross-sectional views at the center of each sample from 
computed neutron tomography. In these figures, the region of V2O5 cathodes can be located 
with help from Figure 4.3(a). The color scale bar on the left (Figure 4.4) scales the 
attenuated intensity of neutron beam, which represents the Li concentration from low to 
high in the V2O5 region. In these pseudo-color plots, the color contrast has been adjusted 
to better visualize the difference in Li concentration (shown as yellow color). 
 
Figure 4.4. Cross-sectional pseudo-color plots obtained at the center location of the cell (a) 
discharged at C/5, (b) discharged at C/10, (c) discharged and charged at C/5 and (d) 




It can be seen that, after discharging (lithiation of V2O5), Li bulk distribution is more 
uniform under C/10 (Figure 4.4(a)) than the one under C/5 (Figure 4.4(b)). Additionally, 
in the cell discharged under C/5 (Figure 4.4(a)), the center top location of V2O5 clearly 
shows less Li concentration than the cell discharged under C/10 (Figure 4.4(b)). The cells 
after followed charging (delithiation of V2O5) are shown in Figure 4.4(c) and (d). In these 
two cells, the Li bulk distributions are relatively uniform in both cathodes. But it can still 
be noted that slightly less Li contents reside in V2O5 after cycling under C/10, as expected. 
In order to better understand the rate effect on Li spatial distribution, the plots of 
attenuation intensity versus thickness for regions I, II and III are shown in Figure 4.5. The 
cell components have been highlighted (blue for SS casing, green for V2O5 cathode and 
light orange for Li-Al anode) based on the dimensions obtained from the disassembled coin 
cell and the locations determined by finding the reflection point in the second derivative of 
intensity plot. In this work, the intensity plot of the region where Li-Al anode sits was 
ignored due to the small thickness of Li-Al anode and the high neutron scattering from the 
adjacent polymer separator. In Figure 4.5(a) and (b), it can be seen that the Li concentration 
is higher in V2O5 cathode which is discharged at lower c-rate (C/10) than the one 
discharged at higher c-rate (C/5). It is consistent with the previous observation of pseudo-
color plot as shown in Figure 4.4(a) and (b). We also noticed that, in the region close to the 
electrolyte/cathode interface, there is not much concentration difference, but in the bulk, 
which is away from the active surface, lower Li concentration can be seen in the one 
discharged under C/5. This suggests that, lithiation of V2O5 firstly occurs at the interface 
and Li starts to diffuse towards the other side due to the Li concentration gradient. Because 





Figure 4.5. Attenuation intensity vs. thickness plots of the cells cycled at C/5 and C/10 in 
(a) Region I, (b) Region II and (c) Region III. 
interface, the difference in Li concentration is small. However, at the region away from the 
interface, the transport of Li from the surface to the inner bulk requires more time. If the 
transport rate of Li from the surface to the inner bulk was not fast enough, the Li contents 
will accumulate in the region close to active surface. Therefore, the sites where Li+ can 
reside at the surface of V2O5 becomes limited and the rate of Li
+ intercalation slows down. 
Under the fixed Li insertion flux (fixed current, C/5), the transport rate of Li+ ions exceed 
the rate that Li+ can be intercalated, dendrite formation and other side reaction may occur. 




under C/5. However, due to the limited spatial resolution of neutron tomography, the Li 
dendrites were not observed. 
In Figure 4.5(c) and (d), it can be seen that at the region close to the electrolyte/cathode 
interface, the Li concentrations are very close for both cells cycled under C/10 and C/5. 
However, the Li concentration at the inner bulk of V2O5 cathode, which is cycled under 
C/5, is higher than the one lithiated at lower c-rate (C/10). It is consistent with the previous 
observation of pseudo-color plot as shown in Figure 4.4(c) and (d). This can also be 
explained by the limitation of Li transport. Because of the relatively short distance for Li 
transport at the region close to the electrolyte/cathode interface, the delithiation of V2O5 in 
both cells occurs similarly and the final difference in Li concentration is small. However, 
at the region away from the interface, the transport of Li from the inner bulk to the surface 
requires more time. If the transport rate of Li to the surface was not fast enough to match 
the extraction flux, the Li concentration in the region close to the active surface will 
decrease and the potential will quickly reach the cut-off voltage even through some of Li 
still reside in the bulk. And the amount of Li remained is proportional to the c-rate applied.  
 Summaries 
Qualitative Li spatial distribution in the bulk V2O5 cathodes, which are 
charged/discharged under two different c-rates (C/5 and C/10), has been successfully 
mapped by computed neutron tomography. The attenuation intensity vs. thickness plots 
obtained from CT data clearly show the effect of applied c-rate on the Li distribution at 
different location inside V2O5 cathodes. It can be seen that, with a faster c-rate applied 
during the lithiation of V2O5, less Li inserted the cathode and the Li concentration in the 




V2O5, with faster c-rate applied, the amount of Li extracted is less and the bulk Li 
concentration is higher than the one delithiated at slower c-rate. Non-uniform distribution 
of Li from the active surface to the bulk of cathode has also been due to the relatively low 
diffusivity of Li in V2O5 (10
-12-10-13 cm2 s-1) [19]. Thus, computed neutron tomography 
has proved to be a very powerful tool to noninvasively study bulk distribution of element 
that is highly interactive with neutrons, such as Li in Li-ion batteries.  
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5 PREPARATION AND EVALUATION OF SI POWDER ANODE 
AND DESIGN OF IN SITU ELECTROCHEMICAL CELL 






With the potential to offer the highest theoretical Li-storage capacity (4200 mAh/g), Si 
is one of the most promising material for anodes of Li-ion batteries. But the ~300% volume 
change makes it really difficult to avoid the cracking and delamination, which occur along 
with the lithiation of Si. This could greatly facilitate the degradation of a cell because of 
the irreversible capacity loss and the internal resistance increase[1-4]. 
A lot of effort has been made to accommodate such high volume change, nanosizing is 
one of the most effective ways. Arrays of wires in nanoscale dimensions can allow quick 
relaxation of stress. Therefore, the cracking of Si in bulk material can be avoided with 
appropriately nanostructured Si. Such anode can achieve as high as ~3000 mAh/g after 
~100 cycles under a relatively moderate cycling rate [4, 5]. Also, amorphous silicon has 
been found to have better performance than crystalline Si by avoiding the anisotropic 
volume expansion[6-11]. Amorphous thin film with thickness of 50 nm exhibits excellent 
reversibility and high capacity (200 cycles, ~3500 mAh/g) [12]. Although high capacity 
and good reversibility have been obtained by various nanostructuring techniques, it is very 
difficult to extend such performance to larger scale. Therefore, a lot of research has focused 
on the studies of powder or composite electrode, due to the simplicity of synthesis and the 
relatively low cost [13-17]. 
In this work, nanosized Si powder electrodes with relatively high capacity and good 
cyclic performance were focused to fabricate by electrochemically roughening Cu 
substrate, adjusting the mass loading, current density and milling process. The findings 
from this work can offer insights as to how to obtain Si powder electrode with relatively 




diffraction cell has been designed and fabricated and is promising to be used to characterize 
the unclear phase transitions during the initial lithiation/delitathiation cycles of Si powder 
electrode. Such understanding of Si crystalline/amorphous phase transitions upon lithiation 
could help the future electrode structuring and battery design. 
 Experimental Procedure 
 Nanosized Powder Preparation 
Raw Si powder (purity >99%) with particle size in the range from 1 to 5 μm was 
purchased from Atlantic Equipment Engineers. A unique high energy dual-drive planetary 
mill (HE-DPM) was operated at 12 G to prepare nanosized Si powder. The milling jar is 
shown in Figure 5.1. 
 




In the milling process, two sizes of chrome steel balls purchased from Glen Mills Inc. 
were used. The size of small balls is 5.56 mm (7/32 inches) in diameter and the size of big 
balls is 9.525 mm (3/8 inches) in diameter. Small balls weighing about 440 g and big balls 
weighing about 440 g were mixed and used as milling media. About 40 g of purchased Si 
powder was loaded into the milling jar inside an argon filled glovebox with <0.1 ppm O2 
and <0.1 ppm H2O. The milling time was controlled to 30 min. The milling jar, which has 
an inner volume of ~160 mL, was sealed by a Vito-type O-ring, which kept the inside 
atmosphere inert during the milling process. 
 Electrode Preparation 
A powder mixture containing nanosized Si powder, carbon black (CB) and sodium 
carboxymethyl cellulose (CMC binder) in the weight ratio of 80:12:8, was introduced into 
a Pyrex vial inside an argon-filled glove box. After transferring the vial out of the glove 
box, eight WC balls (4 balls with 5.56 mm in diameter and 4 balls with 9.525 mm in 
diameter) and buffer solution (1 mL of 0.173 M citric acid + 0.074 M KOH at pH = 3) were 
introduced with minimum exposure to air. The mixture was then milled using a roller at 70 
rpm for 2 h to get a well dispersed slurry. The obtained slurry was then cast onto a copper 
substrate (current collector) using a doctor blade. These substrates were dried for 2 hours 
under argon at room temperature, and then for 12 hours under vacuum at 120 °C. Electrodes 
with 9.525 mm in diameter (~0.96 cm2) were obtained by punching the substrate. 
 Substrate Preparation 
In the initial lithiation/delithiation trials of these electrodes, which were cast on the 




after the first cycle. To solve this issue, an electrochemical method was introduced to 
roughen the surface of the Cu substrates. A three-electrode one-compartment 
electrochemical cell (schematic drawing of the set-up is shown in Figure 5.2) was used for 
the roughening process. It contains a rectangular copper substrate (50 µm thick, ~15 cm2) 
as the working electrode, a stainless steel grid (SS316, 30 mesh, ~15 cm2) as the counter 
electrode and a saturated calomel electrode (SCE) as the reference electrode. In the solution 
of 1M NaOH, the copper substrate was cycled 3000 times at 10 V/s between -1.75 and 1V 
vs. Hg2Cl2. After such electrochemical treatment, the modified Cu substrate was rinsed 
with deionized water and transferred into a furnace for the reduction process. The furnace 
was kept at 300 °C for 3 hours while the gas mixture of Ar/5% H2 (1 atm) flowed. The 
morphological characterization and composition analysis of the electrochemically treated 
Cu substrate were performed using Hitachi S-4800 scanning electron microscope (SEM). 
 




 Lithiation/Delithiation Cycling of Si Powder Electrodes 
Circular electrodes with 9.525 mm in diameter (~0.96 cm2) obtained by punching were 
used in the lithiation/delithiation experiments. Disks punched from metallic Li foil (99.9%, 
Alfa Aesar) with 0.75 mm in thickness and 12.7 mm in diameter were used as both counter 
electrode and reference electrode. The electrolyte containing 1M LiPF6 solution (MTI Corp. 
Richmond, CA) in 1:1:1 ratio of EC (ethylene carbonate): DMC (dimethyl carbonate): 
DEC (diethyl carbonate) was used. A Si powder electrode, a Celgard 2400 polypropylene 
separator (soaked with electrolyte) and a Li foil were sandwiched into a two-electrode 
Swagelok cell inside an argon-filled glove box. The details of each sample including the 
mass loading and the cycling parameters are listed in Table 5.1. The cell cycling was 
performed using a Keithley 2401 source-meter with a voltage window of 0.005-1 V (vs. 
Li/Li+). It is noted that the current densities listed in Table 5.1 can also be converted in the 
terms of c-rate (~C/24 for the current density of 150 mA/g), which is commonly used in 
battery research to describe how many hours it takes for charging/discharging the specific 
capacity. And the specific capacity, C, here is calculated on the basis of the mass of active 
material using the following equation: 
 
C 3580 (mAh/g) × 0.73 (ratio of Si in the mixture) 
× total mass of loading (g)

 (5.1) 
Table 5.1 Sample parameters of Si powder electrodes 
Sample name 
Mass loading of Si 
(mg/cm2) 
Current density for 
initial 2 cycles (mA/g) 
Current density for the 
followed cycles (mA/g) 
S1 0.76 75 150 
S2 1.22 75 150 
S3 1.52 150 150 




 Results and Discussion 
Figure 5.3 shows the SEM photographs of the Si nanopowder after high-energy ball 
milling under argon atmosphere. It can be seen that the particle sizes are around 100 nm 
and the Si particles tend to form micron-sized agglomerates. 
The surface morphologies of the as-received and the electrochemically modified Cu 
substrate are shown in Figure 5.4. This confirms the formation of the nanosized needles on 
the Cu substrate after the electrochemical treatment. During one cycle of the 
electrochemical roughening, Cu was firstly oxidized as Cu2+ and then was reduced to 
deposit as Cu(OH)2 at the surface. After many cycles, Cu(OH)2 needles were formed 
because of the minimized energy while depositing along the preferred crystallographic 
planes. 
 





Figure 5.4 SEM photographs of (a) the as-received and (b) the electrochemically roughened 
Cu substrate. 
In order to obtain substrate with only Cu needles, the reduction of Cu(OH)2 was 
performed in a furnace with Ar/5% H2 flowing. The morphologies of before and after 
reduction process have been characterized and shown in Figure 5.5. The energy dispersive 
analysis of X-rays (EDAX) was also performed to confirm the reduction of Cu(OH)2. The 
results are shown in Figure 5.6. Thus, the electrochemically roughened substrate with ~2 
μm long Cu nanoneedles had been obtained successfully and it was then used to replace 





Figure 5.5 SEM photographs of roughened Cu substrate. (a) and (b) show different 
magnification of Cu substrate surface before annealing. (c) and (d) show different 
magnification of Cu substrate surface after annealing. 
 





In order to study the effects of mass loading and cycling conditions on the performance 
of a cell, the prepared electrodes, with the parameters as listed in Table 5.1, were tested. 
The results are presented in the plot of capacity versus cycle number as shown in Figure 
5.7. In this plot, the gravimetric capacity is calculated on the basis of Si weight. It can be 
seen that, by reducing the mass of loading from 3.05 g/cm2 to 1.53 g/cm2, the reversible 
capacity after 25 cycles increased from ~100 mAh/g to ~400 mAh/g. Furthermore, by 
limiting the current density to the half for only the initial 2 cycles, the capacity of Si was 
greatly improved to around 1200 mAh/g after 20 cycles.  
 
Figure 5.7 Capacity versus cycle number plot. The capacity is calculated based on the mass 




A similar cycling condition was also applied for the other sample with less loading 
mass (0.76 g/cm2). Very high reversible capacity of ~2500 mAh/g was observed for the 
initial delithiation cycle. And in the following 40 cycles, the capacity could maintain above 
1300 mAh/g in both delithiation and lithiation. Such reversible capacity is a reasonable 
high value while comparing to the value obtained with similarly slurry casting approach 
[18]. The result here provides insight into how the loading mass and the initial current 
density applied will affect the overall performance of Li-ion batteries. 
It has been reported in recent studies [19-21] that, during the first lithiation cycle, the 
crystalline Si gets amorphized into LixSi phase. And this a-LixSi phase is found to 
recrystallize into Li15Si4 at the point of reaching full capacity. In the reverse reaction, 
Li15Si4 will convert into LixSi amorphous phase instead of crystalline Si. This phase 
transition is suspected to be reversible in each following cycle. However, in the typical 
potential versus capacity curves obtained in this work (see Figure 5.8), an intriguing 
voltage plateau, which appears to correspond to a two-phase reaction region, was observed 
only during the first and second delithiation, and the characteristics of the followed 
delithiation curves change dramatically. This suggests that some unknown phase 
transitions might be occurring at/after the second delithiation.  
Therefore, XRD was performed on the samples which were both cycled to ~0.42 V in 
different delithiation cycles. The results are shown in Figure 5.9. It can be seen that the 
crystallinity of Si has been destroyed during the first lithiation cycle of Si as expected. 
However, due to the low X-ray scattering cross-section of Li, the presence of other phases, 
such as Li15Si4, was not able to be captured. Also, the possible short range ordering of Li 





Figure 5.8 Charge/discharge curves of sample S2. 
 




 Cell Design for Neutron Diffraction 
In order to further study the phase evolutions during the initial cycles of Si anode, 
in situ neutron diffraction is needed to reveal the unclear phase transitions in the bulk 
electrode materials/systems that contain crystalline/amorphous structure or phases. 
Additionally, the pair distribution function analysis would greatly help to 
visualize/determine the short range ordering of the amorphous phase upon lithiation or 
delithiation of Si anode and could help to understand the time-based structure evolution 
occurring in large, bulk samples that are representative of practical battery electrodes. All 
these investigations can be facilitated by designing an in situ electrochemical cell which 
could take advantage of the available neutron diffraction techniques. 
Therefore, an in situ electrochemical cell, which can also be used for the study of other 
battery materials, was designed and fabricated. The assembled cell and the schematic 
drawing are shown in Figure 5.10. In this design, a cylindrical vanadium can, which have 
very low coherent scattering cross-section (0.0184 barns) and relatively low incoherent 
scattering cross-section (5.08 barns), is used as sample holder as well as the cathode current 
collector to reduce the background noise. A Swagelok tube fitting, which will not expose 
to neutron beam, is used for both sealing and mounting purposes. By using this design, one 
can easily avoid the beam interference caused by the electrical connections and greatly 
simplify the sample mounting inside a neutron powder diffractometer during phase 
characterization, especially for the instrument setups at NPDF (Los Alamos National 
Laboratory), NOMAD (Oak Ridge National Laboratory) and POWGEN (Oak Ridge 
National Laboratory). The logic of this design can also be adopted by in situ tomographic 





Figure 5.10 Fabricated in situ ND cell and the schematic drawing to show the components. 
 Summaries 
(1) A nanosized Si electrode with an electrochemically roughened Cu substrate has 
been prepared and the electrochemical performance has been evaluated. 
(2) A Si electrode with mass loading of 0.76 mg/cm2 shows high initial capacity ~2500 
mAh/g and high reversible lithiation/delithiation capacities greater than 1300 mAh/g even 
after 40 cycles. This is higher than the reported value of most Si composite anodes prepared 
with the similar approach [16]. The preparation approach used here is considered more 
economical than other nanofabrication methods. 
(3) By reducing the current of initial 2 cycles, it is possible to have more stabilized SEI 





(4) An in situ electrochemical cell has been designed and fabricated for neutron 
diffraction study of phase evolution of Si bulk electrodes.  
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(1) Using computed neutron tomography, Li spatial distributions in the bulk Li-Mg 
alloy electrodes with different depths of delithiation were determined. The variations in Li 
concentration profiles along the direction of delithiation have been successfully captured. 
This technique has been proven to be a very powerful tool to noninvasively and 
quantitatively study bulk distribution of elements that are highly interactive with neutrons, 
such as Li in Li-ion batteries and H in fuel cells. 
(2) An analytical diffusion model for the delithiation of Li-Mg alloy, including the 
β→α phase transition, has been developed. It considers exactly the β-phase and porous α-
phase structure before and after phase transition using appropriate initial and boundary 
conditions as well as flux-controlled boundary movement. The simulated Li concentration 
profiles are consistent with the concentration profiles determined from imaging data. The 
agreement is good within the region where edge effects are not present. 
(3) Qualitative Li spatial distribution in the bulk V2O5 cathodes, which are 
charged/discharged under two different c-rates (C/5 and C/10), has been successfully 
mapped by computed neutron tomography. The attenuation intensity vs. thickness plots 
obtained from CT data clearly show the effect of applied c-rate on the Li distribution at 
different locations inside V2O5 cathodes. This is in agreement with the established diffusion 
theory. Thus, computed neutron tomography has been proved to be a very powerful tool to 
effectively study the effects of charge/discharge rates on Li bulk distribution. 
(4) Si electrodes with mass loading of 0.76 g/cm2 showed high initial capacity ~2500 
mAh/g and reversible lithiation/delithiation capacities greater than 1300 mAh/g even after 
40 cycles. The effect of mass loading and initial current density on electrochemical 




more economical compared to other nanofabrication methods. 
(5) An in situ electrochemical cell has been designed and fabricated for neutron 
diffraction study of phase evolution of Si bulk electrodes. By using this cell, background 
noise from the sample holder has been limited by using a cylindrical vanadium can. Also, 
one can easily avoid the beam interference caused by electrical connections and the can 
greatly simplify the sample mounting inside the chamber of a neutron powder 
diffractometer. 
 
 
